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Dally phagocytosis of outer segments (OS) places extraordinary 
dennands on protein biosynthesis and trafficking in photo- 
receptor neurons. While the members and roles of the 
phototransduction pathway in the OS are well characterized, 
details about protein trafficking are just beginning to emerge. 
Phosphodiesterase6 (PDE6), the effector enzyme in photo- 
transduction cascade, serves as an example of the steps multi- 
meric proteins must pass through to achieve their functional 
state in the OS. Genetic model systems have recently provided 
snapshots of various steps in the pathway, as experimental 
difficulties such as an inability to maintain ciliated photo- 
receptor outer segments or express functional PDE6 holoen- 
zyme in vitro necessitate in vivo studies. We will highlight the 
significant findings, their implications to blinding diseases, as 
well as discuss the gaps requiring further investigation. 



Rod and cone photoreceptor cells of the retina are specialized 
neurons dedicated to the task of visual perception. They are 
polarized cells with three distinct regions. The outer segment 
(OS), a modified cilia specialized for photon absorption, the inner 
segment (IS), the location of protein biosynthesis, and the syn- 
aptic region, responsible for transmitting visual information to 
downstream neurons (Fig. lA). In the OS, a highly regulated 
signal transduction pathway converts light into an electrical signal 
and has been extensively reviewed elsewhere.''"^ In brief, the 
G-protein coupled receptor rhodopsin responds to light and 
activates transducin, the heterotrimeric G-protein in the visual 
system. Activated transducin relieves the inhibitory constraint on 
the effector enzyme phosphodiesterase6 (PDE6) to increase cyclic 
GMP (cGMP) hydrolysis. Lower levels of cGMP cause cyclic 
nucleotide gated channels to close initiating membrane hyper- 
polarization, resulting in synaptic transmission. Interestingly, all 
the proteins involved in phototransduction are synthesized in the 
IS and fimction within the confines, both integrally and peri- 
pherally, of the flattened membranous discs within the OS. To 
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complicate this process, about 10% of the discs including the 
resident proteins are phagocytized by the adjacent retinal pig- 
mented epithelium (RPE) every day.^ '' Biosynthetic demands on 
photoreceptor cells require rapid and efficient mechanisms to 
transport proteins synthesized in the IS along the narrow 
connecting cilia to replenish the OS. While our understanding 
of the phototransduction cascade and its regulation has progressed 
tremendously, gaps remain in our knowledge about phototrans- 
duction protein synthesis, assembly and tralFicking to OS. Defects 
in any one of these steps can lead to blindness in humans 
illustrating the significance of this process.''^ 

For simplicity, we broadly divide biosynthesis of proteins in the 
IS into three distinct phases: (1) initial synthesis, posttranslational 
modification and assembly of multimeric proteins, (2) targeting to 
the base of cilium and (3) transport and incorporation into photo- 
receptor disc membranes. Rhodopsin was the first phototransduc- 
tion protein to be observed undergoing vesicular transport in 
vesicles termed rhodopsin transport carriers (RTC).^'' Targeting 
sequences on the c-terminal tail of rhodopsin directs RTC's from 
the Golgi to the base of the connecting cilium.'"'" The 
mechanism by which rhodopsin is transported from the basal 
body through the connecting cilia to the OS involves intraflagellar 
transport (IFT) machinery, however the exact details are still 
being elucidated.'" Transducin trafficking is highly regulated as 
Ta and TpY subunits exit the OS under bright light and return in 
the dark as previously reviewed.'^'''* Translocation in response to 
light is thought to occur by diffusion. In contrast, return of trans- 
ducin subunits in the dark and assembly status of the heterotrimer 
is still not clear. Recent studies suggest diffusion as a possible 
mechanism behind this movement as well, but vesicular transport 
based mechanism cannot be ruled out.'^ In contrast to our 
knowledge of opsin and transducin trafficking, very little is known 
about transport of PDE6 to the OS. Recent studies based on 
novel animal models are shedding light on biosynthesis, assembly 
and transport of this crucial phototransduction protein and are 
the focus of this review. 

In rod photoreceptor cells, PDE6 is composed of two cataly- 
tic subunits, PDE6a and PDE6p, and two inhibitory PDE6y 
subunits."' Both catalytic subunits of PDE6 are lipidated by post- 
translational prenylation.''' Prenylation involves covalent attach- 
ment of either a C15 farnesyl or C20 geranylgeranyl isoprenyl 
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Figure 1 . Model for biosynthesis and transport of PDE6 in rods. (A) Polarized rod photoreceptor cells have three distinct compartments. OS, outer segment; 
IS, inner segment and synaptic terminal; RER, rough endoplasmic reticulum; V, vesicle; CC, connecting cilia; RPE, retinal pigment epithelium. (B) Model 
depicting biosynthesis and trafficking of rod PDE6. (I) Folding of PDE6o!Psubunits by AIPL1 and addition of the prenyl group by the prenyltransferase (PPTase) 
occurs in the cytosol before association with the ER (endoplasmic reticulum). (II) The last three amino acids (-AAX) are cleaved by the protease RAS-converting 
enzyme 1 (RCE1). (Ill) Isoprenylcysteine methyltransferase (ICIVIT) catalyzes the addition of a methyl group to the newly exposed prenylcysteine. Adenosyl 
methionine (AdoMet) serves as the methyl donor for the reaction. Assembly of the holoenzyme takes place in the inner segment either at the surface of the ER 
or after ER exit. We propose direct transport of PDE6 from ER to basal body, bypassing the Golgi as no Golgi-mediated modifications are known to occur 
to PDE6. Alternatively, PDE6 vesicles may fuse with the plasma membrane of the IS before transport through the CC (dashed arrow).Transport to the OS likely 
occurs by IFT, however mechanism is unknown. In the absence of RCE1, the final two steps of CAAX processing do not proceed (left side of dashed line). 
However, PDE6 holoenzyme assembles and is functional. Defective transport leads to accumulation of PDE6 containing vesicles in IS. AdoHcy, adenosyl 
homocysteine. 
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group to the C-terminal cysteine of proteins ending in a "CAAX" 
box (Fig. IB, Step I).'^ The "CAAX" box consists of a cysteine 
followed by two aliphatic (A) amino acids and the X amino acid 
designates the particular prenyl group to be attached." Following 
addition of the prenyl groups in the cytosol, PDE6 is targeted 
to the endoplasmic reticulum (ER) for proteolysis of the last 
three amino acids (-AAX) by the protease, RAS-converting 
enzyme 1 (RCE1).^° Subsequently, the newly prenylated cysteine 
group is methyl esterified by isoprenyl cysteine methyl transferase 
(ICMT).^' Interestingly, among multimeric proteins, PDE6 is 
the only known holoenzyme, where one subunit is farnesylated 
and another is geranylgeranylated; however the contributions 
of differential prenylation to PDE6 function are not known. 
We believe lipid modifications of PDE6 play a crucial role in 
its transport as well as retention in the OS disc membranes. 
Additionally, differential lipid modification of PDE6 catalytic 
subunits may play a role in proper orientation of PDE6 
with membranes aiding in efficient coupling to transducin for 
phototransduction (Singh R. and Ramamurthy V., unpublished 
studies). 

Defects in PDE6 Lipidation 
and Retinal Degenerative Diseases 

A patient mutation in the final amino acid of the PDE6[3 sub- 
unit provides clinical evidence of the importance of differential 
PDE6 lipid modifications.^'' Based on studies of prenyltransferase 
"CAAX" box specificity, the mutation is predicted to alter the 
prenyl group from a geranylgeranyl to a farnesyl group. The 
patient was diagnosed with retinitis pigmentosa at age 12, had 
difficulty seeing at night, and no loss of visual acuity or color 
vision. These symptoms suggest PDE6 requires differential 
prenylation for function and/or stability. Animal models replicat- 
ing a similar mutation in PDE6[3 show progressive rod cell 
degeneration and dysfunction (Singh R. and Ramamurthy V., 
unpublished studies). 

Lipidation and Assembly of PDE6 

Our interest in prenylation is due to our earlier work investigat- 
ing the mechanism of a severe childhood blindness called Leber 
congenital amaurosis (LCA) caused by mutations in aryl- 
hydrocarbon interacting protein-like 1 (AIPLl).'''^'^ Yeast two 
hybrid (Y2H) analysis showed AIPLl interacts with prenylated 
proteins. In agreement with our Y2H results, mouse knockouts 
of AIPLl affected the assembly, stability and function of prenyl- 
ated phosphodiesterase 6 (PDE6).'''^'* Further biochemical studies 
show that AIPLl interacts with farnesylated PDE6ot subunit.^' 
Altogether, these studies suggest a model where AIPLl acts as a 
chaperone for farnesylated PDE6a and promotes folding and 
proper assembly with its partner subunits. Absence or defects in 
AIPLl affect the initial phase of biosynthesis of PDE6 leading to 
its degradation and subsequent loss in visual response. 

Another chaperone involved in PDE6 membrane interaction is 
prenyl binding protein/8 (PrBP/5) formerly known as PDEG/S.^" 
PrBP/§ interacts with farnesylated proteins by binding to the 



farnesylated/methylated cysteine and the proximal upstream 
amino acid residues.^' PrBP/5 extracts PDE6 from rod OS mem- 
brane preparations and is thought to be important for PDE6 
transport to the OS in cones. ^^'^^ 

Postprenylation Processing and PDE6 Trafficking 

The initial lipidation is thought to be the primary determinant 
for membrane attachment of VDE6.^^ The role of subsequent 
"CAAX" processing events in assembly, transport and function 
was recently elucidated from our studies in an animal model 
lacking RCEl in retinal neurons. Conditional knockout of 
RCEl eliminated both proteolysis and subsequent methylation 
of prenylated proteins including PDE6 at embryonic day 9.5 in 
the retina and forebrain.^^ Rods and cones formed normally but 
started to degenerate as the ciliated OS elaborated. Timing of 
degeneration corresponded to the requirement for efficient 
protein trafficking from IS to OS. Another key finding from 
conditional Reel animal model was that PDE6 requires RCEl- 
mediated proteolysis for transport to the OS while the other 
farnesylated proteins, transducin y subunit and rhodopsin kinase 
are transported normally. Additionally, lack of postprenylation 
processing did not affect the assembly or function of PDE6. 
Mislocalized PDE6 appeared as discrete vesicular structures at 
the distal end of the inner segment below the connecting cilia. 
Our preliminary ultrastructural studies confirm the presence of 
these vesicular structures in retina lacking Reel. Animal models 
that exhibit impaired protein trafficking to the OS accumulate 
excess protein at photoreceptor synapses. For example, rod PDE6 
is localized in the IS and synaptic region in addition to the OS 
in prenyl binding protein/5 (PrBP/5) knockout mice.^^ In 
contrast, PDE6 was exclusively present in IS in retina lacking 
Reel. Based on our findings, we propose the following models 
to explain the requirement for complete "CAAX" processing of 
PDE6 for proper trafficking to OS. 

Model 1. PDE6 catalytic subunits exit the ER and form the 
holoenzyme on vesicles in the cytoplasm. Vesicular PDE6 traffick- 
ing has a unique pathway, that utilizes small GTPases or adaptor 
protein (akin to Rho GDI) that also require "CAAX" processing. 
In the absence of RCEl, the vesicles are not able to dock and 
release from the ciliary transport machinery for further transport 
to OS (Fig. IB). 

Model 2. Assembly of the PDE6 holoenzyme occurs at the ER 
membrane and a putative prenyl binding protein specifically 
interacts with the methyl esterified isoprenyl cysteine group of 
PDE6 subunits. This prenyl binding protein is required for PDE6 
extraction from ER membranes and further transport to OS 
(Fig. IB). We do not believe this prenyl binding protein to be 
PrBP/5, because the majority of rod PDE6 is transported to the 
OS in the absence of PrBP/5.^^ 

Model 3. PDE6 has a large phospholipid binding footprint 
with contributions from the prenyl groups, further methyl 
esterification and polybasic regions similar to Ras proteins. In 
the absence of RCEl -mediated proteolysis, the presence of 
"-AAX" on PDE6 subunits creates steric hindrance impeding the 
ability of PDE6 to interact with transport vesicles. Investigating 
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the composition and identity of proteins present in vesicular 
structures seen by light and electron microscopy will be crucial in 
differentiating these possibilities. 

Unanswered Questions in Biosynthesis 
and Transport of PDE6 

(1) The immediate question to be answered is whether the cause 
of rapid degeneration in Reel conditional knockout is strictly 
a PDE6 defect or a secondary defect such as a lack of processing 
of a small GTPase responsible for PDE6 vesicle docking. To 
answer this question, localization of PDE6 mutants with altered 
CAAX box similar to the one found in phosphorylase kinase 
unable to undergo proteolysis by RCEl will need to be examined 
in retinal neurons expressing wild-type levels of RCEl.^*^ This 
approach will also allow us to determine if the defects are 
specific to PDE6a, PDE6[3 or both. (2) If the defect is PDE6 
specific, it is imperative to know if lack of proteolysis or 
methylation results in accumulation of PDE6 in the IS. We are 
at present pursuing a retina specific conditional knockout of 
lemt, the methyl transferase. If PDE6 is not transported in the 
absence of ICMT, it would make a strong case for a quality 
control mechanism permitting only fully processed and methy- 
lated PDE6 to be transported to OS. (3) Cone PDE6 is a 
homodimer composed of two a'-subunits that are thought to 
be geranylgeranylated.^^ Unfortunately, we were not able to 
unequivocally determine the localization of cone PDE6 due 
to rapid degeneration of cone cells in the absence of RCEl. A 
cone-specific knockout of Reel will answer the importance of 
postprenylation processing of PDE6 in cones. (4) Differential 
prenylation of rod PDE6 may play a role in PDE6 specific 
transport by interacting with unique protein partners for each 
lipid group. Studies are underway to alter the lipid groups on 
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Summary 
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vesicular structures in our animal models suggest that there is a 
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integrated into photoreceptor discs in the OS. Now that there is 
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assembly of PDE6 we can focus on resolving the transport 
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